Abstract-Electrophysiological signal acquisition such as ECG and EEG play an important part in modern medical monitoring and diagnostics. The measurement of these very low-level, lowfrequency signals are normally made from the skin with a directly coupled sensor utilizing a conductive gel to create a low resistance path for the charge. The application of the gel is tedious and time consuming as well as requiring a clinical environment and prevents long period measurements.
I. INTRODUCTION
In modern medicine, the measurement of electrophysiological signals play a key role in health monitoring and diagnostics. Electrical activity originating from our nerve and muscle cells conveys real-time information about our current health state. The two most common and actively used techniques for measuring such signals are electrocardiography (ECG) and electroencephalography (EEG). ECG is the measurement of the electrical signals generated by the heart muscle as it is beating; and has applications ranging from diagnosis of arrhythmia and infarction to simple heart rate monitoring. Similarly, EEG is the measurement of the electrical signals originating from the brain; and is used to monitor and diagnose diseases and disorders such as epilepsy, sleep disorders, Alzheimer and Parkinson. In addition, EEG could be used for other, nonclinical applications, such as detection of drowsiness in car drivers to avoid accidents related to driver fatigue [1] , [2] .
ECG and EEG signals are extremely weak, with EEG signals reaching down to the order of tens of microvolts [3] . Additionally, these signals are very slow with frequencies reaching down to between 0 and a few Hz. The design of electronic circuits for measuring such signals is a major challenge.
Typically, circuits for measuring EEG largely relies on direct contact with the subject's skin and uses conductive coupling to measure these signals. This is done by fixating electrodessuch as AgCl electrodes -to the skin with a conductive gel.
To use this kind of direct contact electrodes, preparation to the measuring surface is needed. Moreover, the chemical makeup of the gel risks irritating the skin, causing the patient discomfort. For long period measurements, the gel dries out, hardens and loses its conductive ability. This means that the whole process of attaching the electrodes has to be remade -a very time consuming task. All of these issues makes it very desirable to develop a measurement technique without the need for direct electrical contact with the skin.
Such a technique would eliminate patient discomforts due to the use of a conductive gel as well as increase the speed and efficiency of the measurement. This would result in a low-cost, simple, remote monitoring system that improves the patient care and reduces the overall health care cost for society.
II. CIRCUIT DESIGN
The design in this paper makes use of a low-noise sensor readout circuit that uses the printed circuit board (PCB) itself as the sensor, similar to papers [4] and [5] . One metal layer on the PCB acts to capacitively couple charge from the skin of the subject to the amplifying circuitry. Because of the size of the circuit, it was split up into two different PCBs intended to be placed on top of each other in order to reduce the area of the sensor. A reduced area would mean that more sensors could be placed on the same surface -an important property for EEG measurement where it is beneficial to have a large number of sensors [6] .
The idea is that the bottom layer of the sensor board is filled with metal and acts as an antenna to pick up electromagnetic fields in its vicinity. The board is put flat onto the subject to create a capacitor with its metal layer as one plate and the skin of the subject as the other. Isolation between the plates are created by the solder mask, air and possibly the hair and/or the clothing of the subject. A metal shield layer is placed between the sensor layer and the amplifying circuitry to reduce the amount of interference caused by the circuit. 4.7n Fig . 1 shows the readout circuit, divided into two stages with intermediate notch filtering. The first stage consists of a lownoise instrumentation amplifier; and the second stage uses an operational amplifier for amplification and also provides band limiting filtering. In between the two stages, two twin-T active notch filters were inserted to filter out main line noise at 50 Hz and 150 Hz.
A. Capacitive Sensor
The sensor capacitor is built up as a parallel-plate capacitor, i.e. two metal plates separated by an insulator material. In this case the two plates are made up by the bottom metal layer of the PCB and the skin of the person whose signal is to be measured. This setup is described in Fig. 2 . Assuming that the area of the plates are much larger than the distance between them, the fringing capacitance at the edges can be neglected and the parallel-plate capacitance is given by
where A is the area of the two plates that overlap; d is the distance between the two plates; and ε 0 and ε r are the electric constant and the relative dielectric constant of the insulating material, respectively [7] . In this case, two of these variables are varying with the position of the sensor on the subject's body, the distance d and the dielectric constant ε r . This makes it difficult to get an exact figure on the capacitance of the sensor. The total dielectric constant is made up a combination of the constants of the solder mask, the air trapped between the plates and possibly even hair and/or clothing that is caught between the two capacitor plates.
The sensor capacitance creates a high-pass filter together with the input resistance of the first amplifier. The transfer function of this filter is given by
, (2) where C sensor is the capacitance of the sensor itself; C in is the parasitic input capacitance of the instrumentation amplifier; and R bias is the amplifier bias resistance. Because the sensor capacitance is expected to be relatively low, the parasitic input capacitance of the amplifier will cause a small loss.
Lowering the capacitance by, for example, moving the sensor further away from the body, will shift the high-pass filter cutoff frequency upward. Therefore, it is necessary to have as high an input resistance as possible to still let the low frequencies that are to be measured through. Moreover, the higher the input resistance, the less impact the capacitance change will have on the cutoff frequency of the filter.
B. Instrumentation Amplifier
The instrumentation amplifier used is the INA116 from Texas Instruments. This amplifier has a very high input impedance. Moreover, it has very low input referred current noise (0.1 fA/ √ Hz at 1 kHz), which makes it particularly suitable for this sort of low-noise application.
Other features are buffered guard output pins for each input, that follows the input but has a low output impedance. These are ideal for use as the shielding of the sensor. The gain of the amplifier is set by an external resistor according to (3) .
The negative input of the amplifier is connected to a feedback network containing a low-pass filter. The transfer function is thus given by
The gain of the amplifier is set to 51 and the cutoff frequency of the feedback loop is at 1.6 Hz.
C. Notch Filters
Upon first measurement of the circuit, large signal amplitudes at 50 Hz and 150 Hz were measured at the input of the instrumentation amplifier. These were large enough to saturate the last stage of the circuit and thus needed to be removed. To suppress these interferers, two notch filters were inserted between the two stages; one at each of these frequencies. The notch filters are of the active twin-T type.
Two operational amplifiers were needed to realize each notch filter, so a total of four amplifiers were used. The amplifier used for these filters were the OPA27 from Texas Instruments. Fig. 1 shows the two cascaded notch filters and the values for their components. The potentiometer R Q is used to control the amount of feedback to the virtual ground point and thus allows for control of the width of the notch. The transfer function for a notch filter is
where a is the turn ratio of the potentiometer R Q , C = 4.7 nF for both notches, R = 680 kΩ for the 50 Hz notch and R = 226 kΩ for the 150 Hz notch.
D. Second Amplification Stage
This circuit provides additional gain and band-pass filtering to the signal. The operational amplifier used for this circuit is the LT6010 from Linear Technology.
The complete transfer function of this stage with component names referred to Fig. 1 
is given as
The passband gain is set to 20.5 by resistors R 3 and R 4 and the bandwidth is 0.8-67 Hz. 
E. PCB Layout
To reduce the area of the sensor, the circuit was split up into two different PCBs to aid in the evaluation of the design, as shown in Fig. 3 . One of the boards was used as the sensor itself and also contained the instrumentation amplifier, whereas the other board contained the second amplification stage together with its filtering.
The sensor PCB was designed as a 25x25 mm board with four layers where two layers were dedicated to the sensor antenna and shield, and the other two layers were used for circuitry. The second board was 21x21 mm and two layers, of which one layer was used as a ground plane.
During routing of the signal traces, care was taken to shield the input pins of the instrumentation amplifier from interference by using the amplifiers guard pins to create guard rings around them.
III. EVALUATION A. Transfer Characteristics
The transfer characteristics of the sensor was measured by fixing the sensor back-to-back with another copy of the same PCB to form a capacitor, after which the input signal was applied directly to this other board. The output signal was acquired by a digital oscilloscope at a resolution of 12 bits. Fig. 4 shows the gain of the sensor measured over frequency. The figure clearly shows the band-pass characteristic of the circuit as well as the notches introduced by the notch filters at 50 Hz and 150 Hz. The bandwidth of the sensor is from 3 Hz to 42 Hz and the mid-band gain is 58 dB.
B. Sensor Capacitance
Using the same setup, the capacitance created by the sensor was estimated by measuring the input filter cutoff frequency while using different values for the instrumentation amplifier bias resistor. Using a 10 MΩ resistor, the input filter cutoff was measured at 128 Hz; and with a 10 GΩ resistor, the cutoff was measured to ∼ 0.13 Hz. Using these numbers, the capacitance of the sensor can be estimated to around 125 pF. Of course, this value will change if the distance between the two plates change and should only be seen as an indicative number. 
C. Low-Level Signal Performance
To investigate how the circuit would respond to the lowlevel, low-frequency electrophysiological signals, the circuit was measured with an input signal of 25 µV at a frequency of 10 Hz. The input signal was applied in the same manner as in the previous measurements and the output of the circuit was sampled by an oscilloscope and further filtered digitally with a computer. The digital filters applied was additional notch filters at 50 Hz and 150 Hz as well as low-pass filtering at 100 Hz. Fig. 5 shows the time domain signal after digital processing and Fig. 6 is the frequency spectrum of the same signal. The figures clearly show that the 10 Hz signal is detected; however, it is fairly noisy and the signal-to-noise ratio (SNR) was computed to 9.7 dB. The power consumption was 116 mW; with 105 mW consumed by the notch filters at ±5 V; 10.5 mW by the instrumentation amplifier at ±5 V; and 0.5 mW by the operational amplifier at 3 V.
IV. CONCLUSION
In this paper, a contact-less, capacitively coupled sensor for low-level, low-frequency electrophysiological signals was presented. The sensor was implemented on a PCB together with a low-noise readout circuit. With a very high input impedance, the circuit could amplify signals from a few hertz to tens of hertz -frequencies used by ECG and EEG signals. Thanks to the low-noise circuitry, signal levels in the order of a few tens of microvolts could successfully be detected.
